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Current Picture of Neutrino Physics

Neutrinos are massive.
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Neutrino Interactions

Neutral Current Interactions Charged Current Interactions
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Neutrino Interactions
Small cross section

Neutrino-electron elastic scattering

Large detectors!

g o =~ 107** cm?

cm?

https://sk.icrr.u-tokyo.ac.jp
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Coherent
Elastic
Neutrino
Nucleus
Scattering

Incoming neutrino

Recoiling nucleus
ﬁ

Outgoing neutrino

D. Z. Freedman, Phys. Rev. D 9 (1974)
COHERENT Collaboration, Science 357 (2017) 6356

\_

( PHYSICAL REVIEW D VOLUME 9, NUMBER 5 1 MARCH 1974 \

Coherent effects of a weak neutral current

Daniel Z. FreedmanT
National Accelerator Laboratory, Batavia, Illinois 60510
and Institute for Theoreticak Physics, State University of New York, Stony Brook, New York 11790

(Received 15 October 1973; revised manuscript received 19 November 1973)

If there is a weak neutral current, then the elastic scattering process v + A —v + A should
have a sharp coherent forward peak just as e + A —e + A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10738 ¢m? on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v + A — v + A* provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars. j

50 years since first proposal by Freedman!
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CEVNS in the Standard Model The good news

A neutral current process

* Large cross
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Diana Parno’s Talk at Magnificent CEvVNS 2024
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Origin of the cross-section enhancement
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Sources for CEVNS measurements

Current experiments and prospects.

Characteristics

Source

Collaborations

Experiments

Up to = 8 MeV range.
Very low thresholds.

Spallation * Decay of pions at rest. I (o) s
* Upto52 MeV. | w> i | | SPALLATION
Sources (CGD = SOURCE
 Detected! (c® s &_‘///
Reactor * Nuclear reactions.

CO.VNie

Solar Neutrinos

G. Sanchez Garcia

Reactions within the sun.

8B contribution.
Detected!
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CEVNS at a Spallation Neutron Source

Hg TARGET

SHIELDING MONOLITH

CONCRETE AND GRAVEL

d=19.3m

e

COHERENT Collaboration, Science 357 (2017) 6356

Production of neutrinos from pion and
muon decay at rest.
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‘/SNS COHERENT Experiment
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//\
& " European Spallation Source

Csl spectra

: Ge spectra .
2500¢ 7 1 E B0 T : * Under construction in Lund,
3 H E . e Vu .
[ R il :
" 2000} [ -V | ] : Sweden.
o g 0 = 100 : .
sl = 1200 SO * Most intense pulsed neutron
& e | g
= S 1000p 3 beams upon completion.
g 500f * Ideal for the study of CEVNS.
> ;
= 0 * Different proposed materials.
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Phenomenology of CEVNS

A variety of models can be tested

/@ Weak Mixing
- Angle

M. Cadeddu et al Phys.Rev. C 104 (2021)
D. Aristizabal et al JHEP 09 (2022) 076
. ) V. De Romeri et al JHEP 04 (2023) 035
Nicola’s "ﬁ B. C. Canas et al Phys. Lett. B 784 (2018)
Talk

~

Neutron rms
radius

M. Cadeddu et al Rev. Lett. 120 (2018)
O. Miranda et al JHEP 2005 (2020) 130
R. R. Rossi et al Phys. Rev. D 109 (2024)

\_ SM

G. Sanchez Garcia
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Non-Standard Interactions\

P. B. Denton et al JHEP 04 (2021) 266
O. Miranda et al New J.Phys. 17 (2015)

Magnetic Moments

T. Kosmas et al Phys.Rev. D92 (2015)
M. Atzori Corona et al JHEP 09 (2022) 164

Neutrino Millicharges

C. Giunti, et al Phys.Rev.D 108 (2023)
M. Cadeddu, et al Phys. Rev. D 102 (2020)

Dark Fermion
Phys.Rev.D 108 (2023) 5, 055001

New Physics /

EPIC 2024

L This
Talk

Christoph’s
Talk

Valentina’s
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(s, Standard Model tests at low energies

Weak mixing angle and neutron rms radius — Current COHERENT
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De Romeri, Miranda, Papoulias, GSG, Tértola, and Valle, JHEP 04 (2023) 035
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(s, Standard Model tests at low energies

Weak mixing angle and neutron rms radius — Future COHERENT

COHERENT - Expected
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Neutron rms radius

Average Csl neutron density distribution from COHERENT data

M. Cadeddu
Dipartimento di Fisica, Universita degli Studi di Cagliari, and INFN, Sezione di Cagliari,
Complesso Universitario di Monserrato - S.P. per Sestu Km 0.700, 09042 Monserrato (Cagliari), Italy

C. Giunti
INFN, Sezione di Torino, Via P. Giuria 1, I-10125 Torino, Italy

Y.F. Li and Y.Y. Zhang
Institute of High Energy Physics, Chinese Academy of Sciences, and School of Physical Sciences,
University of Chinese Academy of Sciences, Betjing 100049, China
(Dated: 23 January 2018)

Using the coherent elastic neutrino-nucleus scattering data of the COHERENT experiment, we

determine for the first time the average neutron rms radius of **Cs and '>I. We obtain the

practically model-independent value R, = 5.57%"% fm using the symmetrized Fermi and Helm form

factors. We also point out that the COHERENT data show a 2.30 evidence of the nuclear structure
suppression of the full coherence.

B Present in CEVNS cross
section within F(g?).

ilglRa) (1
ldlRa \1+|d]a;

Fy(lq]*) =3

Cadeddu’s Talk at NuFact
2018

G. Sanchez Garcia EPIC 2024

Standard Model tests at low energies

m» Fitted for targets as Csl and LAr.
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De Romeri, Miranda, Papoulias, GSG, Tértola, and Valle,
JHEP 04 (2023) 035

15



Neutral current Lagrangian introduced to allow for
non-universal and flavor changing interactions.

Va Vﬁ

e,u,d e, u,d

NSI X,_ .
Lxnc = —2V2GF Z ey (e Prve) (fvuPxf),
gl

G. Sanchez Garcia EPIC 2024

e Beyond the Standard Model physics
Non-Standard Interactions

Non-Universal NSI

Flavor dependent strength of interaction

qV qv qv
Eee gﬂﬂ €1t

Flavor Changing

Different neutrino flavor before and after
the interaction.

qV qv qv

Eeu Eet Eut
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e Beyond the Standard Model physics
Non-Standard Interactions

Neutral current Lagrangian introduced to allow for Non-Universal NSl

non-universal and flavor changing interactions. Flavor dependent strength of interaction
e G qV qv qv
Eee Eup €11
SNS
sensitive Flavor Changing

Different neutrino flavor before and after

e d e,u,d the interaction.
NSI X, N
Lne = —2V2Gp Z ey (e Prve) (fvuPxf), qv qV qv
E ger € T
0.0 eu a

G. Sanchez Garcia EPIC 2024
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e Beyond the Standard Model physics
Non-Standard Interactions

The Model Sol.a-r
sensitive

Neutral current Lagrangian introduced to allow for Non-Universal NSl

non-universal and flavor changing interactions. Flavor dependent strength of interaction
Va Vg
sy G || o
SNS
sensitive Flavor Changing

Different neutrino flavor before and after

eud e,u,d the interaction.
NSI X,_ .
Lne = —2V2Gp Z ey (e Prve) (fvuPxf), £V <4V <1V
a.b,t eu et a

G. Sanchez Garcia EPIC 2024
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e Beyond the Standard Model physics
Non-Standard Interactions

Why are NSI important?

Effects on the determination of mixing parameters

T LI LI | P L ) I | S LR I Frr I LI I | I L L L L) LI I UL I IR R I L5 IR I | PSR | 1]
o fu ] E f=d
_ sf 1L -
> H 1 F =
0 — — - =
o 1F E
R FE = B =
= - 1L .
6.5 - S =
:I | I ] =] I | .| I I ] 1o | I | B I e | I I===]] I Jic]zi) o) I | l: :I | I R e I [ Jech e | I | | I 1 ] Y | I | e B 2 | I | | I | l:
02 03 04 05 06 07 08 02 03 04 05 06 07 08
£ 29 2 29
sin 12 Sin 12
M. C. Gonzalez-Garcia and M. Maltoni, JHEP 09 (2013) 152
O. G. Miranda, M. A. Tortola, and J. W. F. Valle, JHEP 10 (2006) 008
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e Beyond the Standard Model physics
Non-Standard Interactions

Effects on CEVNS Interactions

The weak charge is modified

2
+ 2|z (2645 + %) + N (e + 2237
(8

B» Sensitivity to non-universal and flavor changing parameters.

B Interference with SM cross section for non-universal parameters.

G. Sanchez Garcia EPIC 2024
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Beyond the Standard Model physics

e Non-Standard Interactions — Current COHERENT

Single Analysis Other Bounds

0'6:'|"'|"' UL DL DL DL 0.6_I]IIII|IIIIIlll[llll[llll|lll_
05 F 3 05 E E Param. Bound Exp.
0.4 ; -E 04 = = dL
03 ¢ '; 03 f i
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©“ O 01E 3 3 = :
B = = 01F c
GO : 0.0 - eV [0.042,0.042]  Atm +Acc
—0.1 F Lar 3 - =
E Csl = —0.1 F CsI+LAr = v
—02F 90%cC.L. £ —02F  90%C.L. . i [-0.044,0.044]  Atm + Acc
=03 I NN YT Y T N O Y Y e E i i | , I =
_ _ ) SN ENEEE FNEEE FEEEE TN R EE
04 -02 00 02 04 06 08 ~04 —02 00 02 04 06 08
€ee uV

eee

De Romeri, Miranda, Papoulias, GSG, Tértola, and Valle,
JHEP 04 (2023) 035
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Different Targets

o I LI B I

0.6F

0.5
0.4
0.3

uVv
MU

0.2
0.1

0.0f
—0.1

Beyond the Standard Model physics

Non-Standard Interactions — Expected ESS

IIIIIlIIIIIIIIIIIlII

Xe
Ge
Si

Expected 90% C.L.

I B!

-04 -02 00 02 04

Chatterjee, Lavignac, Miranda, and GSG,

uVv
Eee

Phys.Rev.D 107 (2023)

G. Sanchez Garc

ia

Each target material is sensitive to different
regions of the parameter space.

Position of the center depends on the number
of protons and neutrons.

Zgy + Ngy Zgy + Ngy)

(h'k)=< 2Z+N ' 2Z+N

EPIC 2024
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COHERENT - Expected

0.8 T T T
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0.4
o3 B
3 3 -
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-=-=- (sl 2021
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o ——— ———
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=04 =02 00 02 04 06

uV

566

Chatterjee, Lavignac, Miranda, and GSG,
arXiv 2402.16953

G. Sanchez Garcia
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Beyond the Standard Model physics

Breaking degeneracies

ESS - Expected

0.7f

0.6

uVv
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0.0

-0.1F
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0.3F
0.2F
0.1F
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Chatterjee, Lavignac, Miranda, and GSG,

Phys.Rev.D 107 (2023)

EPIC 2024
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Beyond the Standard Model physics

e Non-Standard Interactions — Current COHERENT

Single Analysis Combined Analysis Other Bounds

1: |||||||||||||||||||||||||||: 1: |||||||||||||||||||||||||||:
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De Romeri, Miranda, Papoulias, GSG, Toértola, and Valle,
JHEP 04 (2023) 035
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ESS - Expected
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guV

ce

Chatterjee, Lavignac, Miranda, and GSG,

Phys.Rev.D 107 (2023)
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e Beyond the Standard Model physics

Can we go further on breaking degeneracies?

Each target material is sensitive to different
regions of the parameter space.

The slope of the band depends on the number
of protons and neutrons.

22 + N
Z +2N

m = —

EPIC 2024
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Beyond the Standard Model physics

Breaking degeneracies

COHERENT - Expected ESS - Expected

10 ||||||||||||||_ I.O-Illlllllllllllllll
\ ~== Csl2021 i | CsI+Si
L B Cryo-Csl+Nal | CsI+Xe
0.5 - 0.5F
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~0.5} 3 e
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L =05 00 05 1.0 “10 -05 0.0 0.5 1.0
uV \Y
Eece 826
Chatterjee, Lavignac, Miranda, and GSG, Chatterjee, Lavignac, Miranda, and GSG,
arXiv 2402.16953 Phys.Rev.D 107 (2023)
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Interplay between SM and new physics

NSI| and neutron rms radius

Current COHERENT Expected Reactor + COHERENT

B Neutron rms radius brings 0.6 0.6
uncertainties to the [ ] [ 1 Ge (90% CL)
measurements. I . -- Ge + CONUS case 5 (90% CL)

0.4+ 04F __miin il
B NSI parameters can be !
: . 58 0.2k 58 0.2f -
responsible for missing w el W
or excess events. i
of- o 16keT]
here i : | " 1 CsI(90% CL) Ge - 16 kg

B Thereis an interplay between " w Csl(10) 5 years
the neutron rms radius and 0 ) AP SR IR B )Y I TS IS
NSI. 3 4 S5 6 7 3 4 5 6 7

Ry (fm) R, (fm)

Rossi, GSG, and Toértola Phys. Rev. D 109 (2024)
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Q Beyond the Standard Model physics
Electromagnetic properties of neutrinos
® Neutrino Millicharge

Massive neutrinos can induce a neutrino coupling

to the photon at loop level fQ (0) = dap
vi(pi) vi(ps) (" . )
Consistent = Neutrino M tic M ;
with Lorentz eutrino Magnetic Momen
and 5AUSE fm(0) = ugp  fe(0) = €4
v(q) ksymmetrleSJ
M) = (v — audt/d®) [féi(q2)+f£i(q2)q275] Aap = Hap T i€ap

— 00" [£35(¢®) + iff (*)s

G. Sanchez Garcia EPIC 2024
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Effects on CEVNS Interactions

Redefinition of coupling constant

2 2
2 V2ragmZ qu,, V2ragmZ Qg
(@1c)” = (Q{ifv + ) +( =

GrM T GrM T

= Sensitivity to millicharges at low energies.

= There is interference with SM cross section.

G. Sanchez Garcia EPIC 2024

Q Beyond the Standard Model physics
Neutrino Millicharges

10_34 - I I 1 I I I 1 I I | I 1 1 1 =
E q”ee = 0 E
[ C — q..=—1x1078 ]
- S —_— .. =+1x1078
107k === G =+2x107° 3

Ll | L | I L | | | I | | |

0 10 20
T [keV]

A. Parada and GSG arXiv 2409.10652

w
e}
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Current COHERENT

40 | 1

30 Csl -
CsI+LAr
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que [10_86]

De Romeri, Miranda, Papoulias, GSG, Toértola, and Valle,

JHEP 04 (2023) 035

G. Sanchez Garcia

Neutrino millicharges

Electromagnetic properties of neutrinos

Other Bounds

Param. Limit [e] Exp.
v, 3.7x10712 Reactor
Qv, 6.8x10710 Direct Detection
qv 6.0x107 14 Solar Cooling
_ Neutrality of
21
Dve 3.0x10 Matter

B Strongest bounds coming from neutrality of
matter.
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Expected ESS
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Electromagnetic properties of neutrinos

Other Bounds
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Q Beyond the Standard Model physics
Effective Neutrino Magnetic Moment

Effects on CEVNS Interactions

2

)

doy,N
dE .,

Fv,
UB

2
MM TOEM 1 1 9 .92 2
= — = |Z°F
CEvNS mg ( Enr EV ) W( |q| )

= Sensitivity to the effective parameter .u12/a = (XT : X)
1040/

= No interference with SM cross section.

= Relevant at low energies.
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Q Effective Neutrino Magnetic Moment

Different depending on neutrino source

Solar Neutrinos :
@ B, = Y U2 (UF AF-2-0)
Hy, <2.9%x1071 k=1 s

Accelerator Neutrinos
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Current COHERENT
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Q Effective Neutrino Magnetic Moment

Param. Limit [ug] Exp. Type
Hy, 2.9x10~ 11 GEMMA Reactor
v, 6.8x10710 LSND n-DAR
. 3.9x1077 DONUT n-DAR
Hy, 2.8x10711 Borexino Solar
EPIC 2024

32



Conclusions

®» CEVNS is a powerful tool to perform tests of the SM.

» We can also use CEVNS to constrain new physics scenarios such
as NSI, magnetic moments and millicharges.

® Combination of detectors can help to reduce degeneracies in
the parameter space.

® Many different experiments are on their way to take more data.
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